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VIDEO TRANSMISSION FOR QUANTIZED VARIABLE
BANDWIDTH NETWORKS

1 Introduction

Transmission of video information is a challenging task due to the overwhelming amount of
data and real-time constraints. Compression algorithms are utilized to reduce the number
of bits required to be transmitted. Compression techniques output varying amounts of data
from frame to frame, depending on the scene content of the video. Typically, if there is high
motion in the video, the encoder outputs a large amount of data, whereas if there is low
motion, considerable compression can be achieved by exploiting the temporal redundancy
and as a consequence the encoder outputs a relatively small amount of data. Transmitting
a variable-bit-rate (VBR) source over a constant-bit-rate (CBR) channel has been a well
studied problem [FM86], [SG88], [Zde91].

A common configuration for transmitting variable bit rate data over CBR channel is
shown in Figure 1. A buffer is implemented to regulate the variations in the amount of data
output by the video encoder. A feedback loop, monitoring the buffer fullness, controls the
quantization step-size of the video encoder. As the buffer reaches capacity, the feedback loop
increases the quantization step-size, and the video encoder outputs less data. This is done to
prevent buffer overflow, which would cause a loss of bits. More sophisticated transform (e.g.
Discrete-Cosine Transform, Wavelets) based schemes distribute bits among the frequency
coeflicients with the constraint of minimizing the mean squared error of the reconstructed
video at the receiver end [DB89]. The buffer monitor feedback determines the bit allocation
for the encoder. A smaller bit allocation tends to cause a degradation of the image quality
of the encoded video. Fluctuations in image quality is the typical tradeoff for transmitting

a VBR source over a CBR channel.

Manuscript approved July 15, 1994,
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Figure 1: VBR source and CBR channel transmission

It is believed by some, that a variable bandwidth network is well suited for variable bit-
rate sources, such as compressed video. Existing network systems are generally constant bit
rate channels. Only recently, as technology for fast switching devices have become available,
has the development of a variable bandwidth network, ATM (Asynchronous Transfer Mode),
been so seriously pursued. A major objective for the development of ATM is that by matching
the variable bit rate output of video encoders, constant image quality can be maintained.

A variable bandwidth network will provide greater flexibility. Extending this flexibility,
however, may come at a cost in terms of network management complexity. An approach
advocated by Lea [Lea92), is to consider a network that can transmit data at a discrete set of
fixed rates. This will provide many of the advantages of a variable bandwidth network, but
will simplify the system control mechanisms. In this paper, we address the issue of constant

video image quality transmission over variable bandwidth network with quantized rates.

2 Buffer Dynamics

Following the development of Reibman and Haskell [RH92], we define system behavior for
video transmission. Let E(t) be the number of bits output by the video encoder at time ¢.
Define R(t) to be the transmission rate of bits at time ¢. Let T be the time for one frame to

be displayed. We can then define E; (i = 1,2,....) to be the number of encoded bits in the




time interval (i — 1)T to :T. Thus,

1T
E; = E(t)dt 1
-0 )

Define R; to be the transmission capacity of bits of the channel during time interval (i — 1)T
to :T. We have:

T
R = R(t)dt (2)

(i-1)T
In the case where the channel has more capacity than there are bits to be transmitted, an
underflow condition has occurred. This does not pose a problem to the system as bits can be
stuffed. We define R; as the actual number of bits transmitted. Note, if underflow condition
does not occur, we have:
Ri =R, (3)

Let B%(t) be the encoder buffer fullness at time t. We have the following relationship:
t ’
B(t) = [[[E(s) - B(s)lds | (4)
B¢ is the buffer fullness after encoding of frame 1, and is:
.. iT ,
B*(iT) = /0 (E(s) — R'(s))ds (5)

Alternatively, this is:

BY(iT) = Y[E; - )] (6)

I=1
At time i, encoded bits will be entering the buffer at rate E;, and the channel will be emptying
the buffer at rate R;. The buffer state at time 3, B, will therefore be:

Bf =B, +E -R; (7)

In the case of underflow, the system will stuff bits and the buffer will be left empty. We thus
have equivalently:

B; = maz(B;_, + E; — R;,0) (8)

We further define Bg,,, as the maximum size of the encoder buffer, which cannot overflow.

Thus, we have the condition:

0< Bf< Bt _Vi. (9)
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3 Optimal Trellis Algorithm

Consider the case where the statistics of a sequence of video data is completely known, and
the buffer size is constrained. This scenario might be a situation where the processing delay
is not of concern, but buffer size is limited due to implementation considerations (i.e. cost,
size, etc). Let E; be the number of bits encoded for frame ¢ and R; be the transmission rate
when the bits for frame 7 enter the buffer. Suppose we have M allowable transmission rates
and denote these as R(j) (0 < 7 < M ). At each time instance for frame i, R; is assigned

to be some R(j). The entire sequence contains N frames.
Problem Formulation:
minimize cumulative transmission rate without incurring buffer overflow or underflow

Let,
N
Rroar =) R: (10)
1=0

The problem formulation can be stated as:
min(Rroal) subject to the condition 0 < Bf < B.,,. Vi (11)

An optimal solution can be determined by exhaustively determining for each combination
of R(j)’s if buffer overflow occurs, and among those solutions, select the combination that
has the smallest cumulative transmission rate. Although this is optimal, the computation
complexity is unreasonable for real-time applications. For N frames and M rates, we have
NM combinations, and the computational load grows exponentially in N.

A method of reducing the number of combinations to calculate is to use a trellis-approach,
similar to Ortega [Ort94]. As such, the problem can be solved by application of the Viterbi
algorithm, a well-known dynamic programming method [LM94]. The computational load is

reduced to order N, a linear relationship. The algorithm can be described as follows:

1. Begin at frame 1, and construct a path for each rate, to form M branches. From each

of those branches, we again have M branches.




]

2. Anywhere along the path there occurs a buffer overflow, we can immediately prune the

entire path, as this branch will not lead to an admissible solution.

3. Upon completion after N frames, we select among the surviving paths the one with

the minimum cost, which by construction, did not incur buffer overflow at any time.

Figure 2 shows an example of a constructed trellis. At each frame iteration, the effective
buffer maximum is decreased by the number of encoded bits entering the buffer at that time.
The slope of each path is proportional to the the transmission rate. Any path that terminates
above the effective buffer maximum at any stage, corresponds to an overflow condition and
the associated branch can be pruned. Referring to figure 2, a path during frame 2 is in an
overflow state. Thus, branches from this node can be pruned and subsequent paths do not
need to be computed.

Unlike the problem formulation of Ortega and Vetterli, the problem that is posed in this
paper has more structure in the following sense: if no underflow is assumed to have occurred,
it is recognized that there exist paths with the same cost Ryoai. For example, let N = 3:
the sequence of transmission rates ( Ry, Rs, R; ) and the sequence ( Rz, Ry, Rs ) have the

same cumulative transmission rate. For a given path, define:

n; = number of R(1)'s (12)
n; = number of R(2)'s (13)
etc.
with,
n+na+ ... .. +ny=N (14)
We have:
Ryota = in(1)+f%n(2)+ L +'§;R(M) (15)
= = =

The number of permutations is:

(nx,n,, N . M ) (16)
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Figure 2: trellis




Once a path has been determined to satisfy the given conditions, all other paths that provide

the same Ryoa do not have to be computed. A lower bound on the computation can be

(N+1{lll—1) (17)

We also note, all paths with values of Rro.r greater than any Rroa that is a possible solution,

determined as:

do not have to be traversed.

4 Sub-Optimal Moving Window Algorithm

The above formulation is an optimal solution that requires knowledge of the statistics of the
entire sequence. In many scenarios, this will not be the case. In real-time applications, the
statistics of only a few frames will be available at any given moment. A proposed sub-optimal
solution is to determine the optimal path for a window of frames that are known, and slide
the window as each frame is encoded. The sub-optimal algorithm of window length n is

outlined as follows:

1. Determine all K optimal paths for the sequence of n frames and denote the ith path
as R, R, ....... R:. Choose min(Rj) for 1 < j < K as the rate. Slide window of n
frames and repeat step 1. If no optimal path exists, go to step 2.

2. Choose R,,.: as the rate. Slide window of n frames and go to step 1.

The performance of the sub-optimal algorithm depends on the length of the window, the
variability of the data, and the buffer size. Although parameterizing video data is difficult
due to its non-stationary characteristic, the mean rate (E,) and then peak rate (Emq.) are

n,n
n

reasonable first-order parameters. The window length, , needs to be long enough to

enable the system to empty the buffer in the event that the next frame is Epa,. We have:

n-1
Emaz- m+zE; S n'Rmc: (18)

=1

Taking expected value:
Emaz — Bmaz +(n —1)-E, £ n-Rpacz (19)
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We can determine a first-order lower bound for n:

Enmaz — Bmaz — E,,
Rma:_Eu

We note, that the sub-optimal solution for window of length 1, degenerates to a Greedy

n 2

(20)

algorithm, where the minimum rate to satisfy no buffer overflow for the next frame is selected.

5 Simulation

An important development in the effort in variable bandwidth networks, is the accurate
modeling of variable bandwidth sources, such as video. Characterizing video data is crucial
to the analysis of such systems. This task, however, is difficult due to the nature of video.
Statistics of video data are a function of the coding scheme employed, as well as the scene
content. Autoregressive (AR) models are a common approach to modeling video [Yeg93],
[Jab93). Correlation between successive frames is typically high, except during a scene
change. These scene changes are typically modeled as a Markov chain. Each state of the
Markov chain has associated parameters which in turn, modulates the AR model.

For the simulation in this report, the encoded bit rate of a video source is modeled simply

as a first-order Gaussian AR process:
z(n) =a-z(n— 1)+ ¢(n)

The parameters are governed by a Markov chain consisting of three states. A plot of the
video source modeled as AR process is shown in Figure 3.

A buffer size of 50 kbits is chosen, and a channel with 3 discrete rates of R, = 20,
R,; = 40, and R3 = 80 kbits per frame is considered. The rates approximate the mean of
each state of the Markov chain. A plot of the buffer dynamics for a sequence of 100 frames
is shown in Figure 6. The path determined by the optimal algorithm does not incur buffer
overflow or underflow, as required. The aggregate transmission rate for the optimal path is
36.2 x 100 kbits.

For the sub-optimal algorithm, we use a window of length three. The path for the
sub-optimal algorithm also does not incur buffer overflow or underflow. The aggregate
transmission rate for the sub-optimal path (36.4 x100 kbits) is slightly greater than the

8
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average rate per total buffer total buffer
frame (100 bits) overflow (100 bits) underflow (100 bits)
optimal 362 0 0
sub-optimal 364 0 0
constant-rate 400 52.8 86.4
constant-rate 800 0 433.2

Figure 7: simulation for 100 frames

optimal path. A constant rate of R; = 800 (aggregate transmission rate of 80.0 x100 kbits)
is required to prevent buffer overflow. When the path is traversing along the x-axis, this
corresponds to an underflow condition. The constant-rate path is in this state frequently,
reflecting the fact that to prevent encoder buffer overflow, it is required to transmit at an
inefficient rate. Figure 7 compares the performance of the optimal, sub-optimal, and constant
rate paths.

Another aspect to consider is a constant bit-rate channel where the aggregate transmis-
sion rate is equal to the optimal path. For the example above, we have Ry for the optimal
path is 3620 kbits for 100 frames, so equivalently a CBR channel of 36.2 kbits per frame.
Given this rate, we plot the buffer dynamics in Figure 8. In this plot, overflow condition
occurs when the path is clipped at buffer maximum (50 kbits), and underflow condition

happens when path is below the x-axis.

6 ATM Network

For variable-bit-rate sources, the ATM network achieves aggregate bandwidth utilization
by statistical multiplexing of many source bit streams. The network is able to improve
throughput at the risk of congestion and ATM cell loss. By the Law of Large Numbers the
network is able to achieve improved aggregate throughput with small probability of cell loss if

the sources are independent stationary processes. Unfortunately, sources are often correlated
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Figure 9: simulation for 100 frames
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and are non-stationary, particularly in the case of video. This problem has created a need
for studies in network management strategies for congestion control and prevention of cell
loss [HS91], [Rob91].

A feature of ATM is the ability to integrate multimedia, by transporting all information
into common units, or ATM cells. It is expected that a large proportion of the traffic on ATM
networks will be video data [Kis89], [Zha91], [Nom89)]. The ability to accurately characterize
incoming traffic will facilitate network management [KV89], [Led94]. As discussed in the
development of the sub-optimal algorithm, examples of first order statistics include the
mean, or peak rate. These types of quantities are known as “traffic descriptors”. Higher
order statistics are being developed to capture the non-stationary nature of various variable-

bit-rate type sources [Luc94].

7 Conclusion

A motivation in considering a channel with a discrete set of transmission rates rather than
allowing completely arbitrary rates, is to simplify the network management issue. With this
basis, an optimal algorithm has been outlined for transmitting a variable-bit-rate source with
a finite buffer. The approach is a version of the Viterbi algorithm, a dynamic programming
scheme. The optimal path achieves the minimum aggregate transmission rate without buffer
overflow or underflow.

A sub-optimal solution is described by invoking the optimal algorithm for a sliding win-
dow of n frames. A formulation for a reasonable n is discussed. In general, n should be large
enough where sudden variations in the number of bits of the source can be absorbed by the
buffer and by the appropriate choice of subsequent transmission rates. As can be observed,
buffer size, the set of possible transmission rates, and the statistics of the source, all affect
the performance of the sub-optimal algorithm.

Simulated data is generated to provide a variable-bit-rate source. For a sequence of 100
frames, the optimal path and sub-optimal path with window of length 3 are determined. The
buffer dynamics are plotted for the optimal path and show that no overflow or underflow
occurs. For the example studied, the sub-optimal path also does not incur overflow or

underflow. In comparison, the required constant rate channel to prevent buffer overflow is
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inefficient, as the system is forced to stuff bits for a number of frames during the sequence.

8 Future Work

For the simulation described in this paper, the discrete transmission rates chosen were simply
postulated. A natural question is what set of rates is optimum. One strategy might be to con-
struct this question as a continuous optimization problem, and apply Lagrangian’s method
of undetermined multipliers. The number of rates also plays an important factor in the per-
formance of a quantized variable bandwidth network. As the number of rates increases, it is
conjectured that the performance behaves asymptotically. Perhaps this asymptotic behavior
can be quantified. Furthermore, the buffer size is an important parameter in the performance
of this system.

Switching rates in an ATM network may incur some penalty in the sense of increasing
network management complexity. In addition, different rates may have varying associated
costs, which may not be linear in relationship. The mechanisms on how a network will
effectively multiplex VBR sources over quantized transmission rate channels is an open
question. All of these considerations need to be incorporated in the analysis.

Clearly, many of the proposed ideas need to be experimented with real video data. An-
other important aspect will be the development of precise traffic descriptors for video sources.
In comparison to a CBR channel, it is proposed that a VBR network will be able to accom-
modate VBR sources more efficiently. However, because the statistics of video sources are
extremely unpredictable, perhaps a combination of the methods for VBR networks and CBR
channels should be considered. That is, consider a network with quantized transmission rates
in tandem with a buffer monitor that regulates video encoder bit output.

The effect of transmitting a VBR source at quantized transmission rates can be viewed
as a form of traffic shaping. This function, is in some sense, low pass filtering the VBR
source; smoothing out high frequency fluctuations. The output of the quantized rate can be
interpreted as a process itself, which can be described by a Markov chain with the number

of states equal the number of rates.

14




References

[FM86] Nariman Farvardin and James W. Modestino, “On Overflow and Underflow
Problems in Buffer-Instrumented Variable-Length Coding of Fixed-Rate Memoryless
Sources,” IEEE Transactions on Information Theory, Vol. 32, No. 6, Nov. 1986, pp.
839-845.

[SG88] Yair Shoham and Allen Gersho, “Efficient Bit Allocation for an Arbitrary Set of
Quantizers,” IEEE Transactions on Acoustics, Speech, and Signal Processing, Vol. 36,
No. 9, Sep. 1988, pp. 1445-1453.

(Zde91] Joel Zdepski, Dipankar Raychaudhuri, and Kuriacose Joseph, “Statistically Based
Buffer Control Policies for Constant Rate Transmission of Compressed Digital Video,”
IEEE Transactions on Commaunications, Vol. 39, No. 6, Jun. 1991, pp. 947-957.

[DB89] John C. Darragh and Richard L. Baker, “Fixed Distortion Subband Coding of Images
for Packet-Switched Networks,” IEEE Jornal on Selected Areas in Communications, Vol.
7, No. 5, Jun. 1989, pp. 789-800.

[RH92] Amy R. Reibman and Barry G. Haskell, “Constraints on Variable Bit-Rate Video
for ATM Networks,” IEEE Transactions on Circuits and Systems for Video Technology,
Vol. 2, No. 4, Dec. 1992, pp. 361-372.

[Ort94] Antonio Ortega, Kannan Ramchandran, and Martin Vetterli, “Optimal Trellis-
Based Buffered Compression and Fast Approximations,” IEEE Transactions on Image
Processing, Vol. 3, No. 1, Jan. 1994, pp. 26-40.

[LM94] Edward A. Lee and David G. Messerschmitt, Digital Communication, Kluwer Aca-
demic, 1994. .

[Lea92] C. Lea, “What Should be the Goal for ATM?,” IEEE Network, Sep. 92, pp. 60-66.

[Yeg93] Ferit Yegenoglu, Bijan Jabbari, and Ya-Qin Zhang, “Motion-Classified Autoregres-
sive Modeling Variable Bit Rate Coded Video,” IEEE Transactions on Circuits and
Systems for Video Technology, Vol. 3, No. 1, Feb. 1993, pp. 42-53.

[Jab93] Bijan Jabbari, Ferit Yegenoglu, Yu Kuo, Sohail Zafar, and Ya-Qin Zhang, “Satistical
Characterization and Block-Based Modeling of Motion-Adaptive Coded Video,” IEEE
Transactions on Circuits and Systems for Video Technology, Vol. 3, No. 3, Jun. 1993,
pp. 199-207.

[HS91] Ibrahim W. Habib and Tarek N. Saadawi, “Controlling Flow and Avoiding Conges-
tion in Broadband Networks,” IEEE Communications Magazine, Oct. 1991, pp. 46-53.

[Rob91] James W. Roberts, “Variable-Bit-Rate Traffic Control in B-ISDN,” IEEE Commu-
nications Magazine, Sep. 1991, pp. 50-56.

[Kis89] Fumio Kishino, Katsutoshi Manabe, Yshuhito Hayashi, and Hiroshi Yasuda, “Vari-
able Bit-Rate Coding of Video Signals for ATM Networks,” IEEE Transactions on
Selected Areas tn Communications, Vol. 7, No. 5, Jun. 1989, pp. 801-806.

15




[Zba91] Ya-Qin Zhang, William W. Wu, Kap S. Kim, Raymond L. Pickoltz, and Jay Ra-
masastry, “Variable Bit-Rate Video Transmission in the Broadband ISDN Environ-
ment,” Proceedings of the IEEE, Vol. 79, No. 2, Feb. 1991, pp. 214-222.

[Nom89] Mitsuru Nomura, Tetsorou Fujii, and Naohisa Ohta, “Basic Characteristics of Vari-
able Rate Coding in ATM Environment,” IEEE Transactions on Selected Areas in Com-
maunications, Vol. 7, No. §, Jun. 1989, pp. 752-760.

[KV89] Gunnar Karlsson and Martin Vetterli, “Packet Video and Its Integration into the

Network Architecture,” IEEE Transactions on Selected Areas in Communications, Vol.
7, No. 5, Jun. 1989, pp. 739-751.

[Led94] J. P. Ludec, “Bit-rate Control for Digital TV and HDTV Codecs,” Signal Processing:
Image Commaunications, Vol. 6, . 1994, pp. 25-45.

[Luc94] David M. Lucantoni, Marcel F. Neuts, and Amy R. Reibman, “Methods for Perfor-
mance Evaluation of VBR Video Traffic Models,” Bell Laboratories memo.

16




